Significance: Proline catabolism refers to the 4-electron oxidation of proline to glutamate catalyzed by the enzymes proline dehydrogenase (PRODH) and l-glutamate c-semialdehyde dehydrogenase (GSALDH, aka ALDH4A1). These enzymes and the intermediate metabolites of the pathway have been implicated in tumor growth and suppression, metastasis, hyperprolinemia metabolic disorders, schizophrenia susceptibility, life span extension, and pathogen virulence and survival. In some bacteria, PRODH and GSALDH are combined into a bifunctional enzyme known as proline utilization A (PutA). PutAs are not only virulence factors in some pathogenic bacteria but also fascinating systems for studying the coordination of metabolic enzymes via substrate channeling. Recent Advances: The past decade has seen an explosion of structural data for proline catabolic enzymes. This review surveys these structures, emphasizing protein folds, substrate recognition, oligomerization, kinetic mechanisms, and substrate channeling in PutA. Critical Issues: Major unsolved structural targets include eukaryotic PRODH, the complex between monofunctional PRODH and monofunctional GSALDH, and the largest of all PutAs, trifunctional PutA. The structural basis of PutA-membrane association is poorly understood. Fundamental aspects of substrate channeling in PutA remain unknown, such as the identity of the channeled intermediate, how the tunnel system is activated, and the roles of ancillary tunnels. Future Directions: New approaches are needed to study the molecular and in vivo mechanisms of substrate channeling. With the discovery of the proline cycle driving tumor growth and metastasis, the development of inhibitors of proline metabolic enzymes has emerged as an exciting new direction. Structural biology will be important in these endeavors. Antioxid. Redox Signal. 00, 000-000.
Introduction

P
roline metabolism has multifaceted roles in cancer, stress protection, protein chaperoning, cell signaling, programmed cell death, nutrient adaptation and survival, and pathogen virulence. This review focuses on the structural biology of proline catabolism. Many other aspects of proline metabolism have been reviewed elsewhere. For example, Phang's group has discussed the complex connections between proline metabolism and cancer (66, 96, (100) (101) (102) (103) (104) (105) . Several articles discuss proline as a stress substrate and the role of proline metabolism in reactive oxygen species (ROS) generation (11, 61, 96, 103, 104) . Proline metabolism has myriad roles in plants (41, 60, 76, 107, 126, 148) . Other proline-related subjects include neurochemistry and neurological disorders (29, 140, 145) , inborn errors of proline metabolism (42, 99, 140) , nutrition (143, 144) , the proline biosynthetic enzyme D 1 -pyrroline-5-carboxylate (P5C) synthase (32, 93, 108) , and archaeal proline dehydrogenase (PRODH) (47) .
Proline catabolism is an important part of overall metabolism. The oxidation of proline by the catabolic enzymes PRODH and l-glutamate c-semialdehyde dehydrogenase (GSALDH) (Fig. 1A) is directly coupled to the electron transport chain via reduction of membrane-bound ubiquinone (85, 135) . Proline catabolism thus harvests energy for the Departments of 1 Biochemistry and 2 Chemistry, University of Missouri-Columbia, Columbia, Missouri.
cell, particularly under nutrient depletion conditions, and in this way, l-proline supports the growth of bacteria (25, 48, 87, 133, 141) . Proline catabolism in eukaryotes has been implicated in ROS generation, which has profound effects on oxidationreduction homeostasis and cell survival. In humans, increased expression of PRODH causes significant ROS formation, which activates intrinsic and extrinsic apoptotic pathways (28, 68) . PRODH is a p53-inducible tumor suppressor protein (67, 106) . Paradoxically, PRODH also produces transient ROS, inducing survival pathways (147) . For example, in Caenorhabditis elegans, PRODH generates ROS signals and induces the homologues of p38 MAP kinase and Nrf2, leading to increased expression of antioxidant enzymes and extended life span (147) . Thus, PRODH plays a pivotal role in cell signaling processes that impact cell survival and death.
Hyperprolinemia disorders are caused by inborn errors in proline catabolism. Genetic mutations that disable PRODH activity result in type I hyperprolinemia, which is a risk factor for schizophrenia (24, 46) . Certain mutations in the gene encoding GSALDH (ALDH4A1) cause type II hyperprolinemia, an inherited autosomal recessive disorder characterized by a deficiency in GSALDH activity (8, 30, 36, 113, 122, 130) . Type II hyperprolinemia is causally linked to neurologic manifestations, including intellectual developmental disorders (99, 122) .
Proline catabolism is also emerging as an important factor in survival and virulence mechanisms of pathogens. Helicobacter pylori (54, 87, 88) and procyclic trypanosomatids (56) have evolved to occupy proline-rich environmental niches and use proline as a major source of energy. Mycobacterium tuberculosis responds to hypoxia by increasing PRODH activity to produce P5C, which detoxifies methylglyoxal to 2-acetyl-1-pyrroline (13) . Furthermore, both catabolic enzymes, as well as two proline biosynthetic enzymes, have been found to be essential for optimal growth of M. tuberculosis and are potential drug design targets (112) . In the fungal pathogen, Cryptococcus neoformans, GSALDH is required for optimal production of the major virulence factors (58) . Bacterial GSALDHs are being considered components of vaccines against Staphylococcus aureus (62) . Finally, a recent study has implicated proline catabolism in the virulence of Ehrlichia chaffeensis, the causative agent of human monocytic ehrlichiosis (23) .
Structural biology contributes to our understanding of protein function. Currently, the Protein Data Bank (PDB) contains over seventy structures of proline catabolic enzymes and domains. These structures include many biologically relevant ligands, including substrates, cofactors, substrate analogs, inhibitors, covalent inactivators, and DNA. The following pages describe these structures and their implications for understanding the functions of proline catabolic enzymes.
The Enzymes of Proline Metabolism
Proline catabolism
Proline metabolism refers to the five enzyme-catalyzed reactions that catabolize and synthesize l-proline (1, 95) (Fig. 1) . The catabolic arm consists of the two enzymes PRODH and GSALDH (Fig. 1A) . PRODH (EC 1.5.5.2, formerly EC 1.5.99.8) catalyzes the flavin-dependent oxidation of proline to P5C. The two-electron reduction of the enzyme-bound flavin occurs concomitant with the oxidation of proline. The electrons stored in the reduced flavin cofactor are subsequently transferred to the membrane electron transport chain, thus regenerating the oxidized enzyme for another round of catalysis. As with most other flavoenzyme dehydrogenases, the flavin remains associated with the enzyme during the entire catalytic cycle, although the cofactor is noncovalently bound. Flavin adenine dinucleotide (FAD) is the flavin cofactor commonly found in PRODHs, although at least one bacterial PRODH utilizes FMN (43) . The hydrolysis of P5C generates GSAL, which is the substrate for GSALDH (EC 1.2.1.88). GSALDH is a member of the aldehyde dehydrogenase (ALDH) superfamily (ALDHSF) and is also known as ALDH4A1.
The nomenclature for the second enzyme of proline catabolism is somewhat confusing. Although GSAL is the substrate being oxidized, the enzyme is often called D 1 -pyrroline-5-carboxylate dehydrogenase (P5CDH, EC 1.5.1.12). In 2013, the Nomenclature Committee of The International Union of Biochemistry and Molecular Biology (IUBMB) deleted EC 1.5.1.12 in favor of EC 1.2.1.88 and recommended the name GSALDH. Nevertheless, readers will see P5CDH used in the literature, including recent articles from this author's laboratory. Also, some PDB entries deposited before 2014 list EC 1.5.1.12 in the header of the coordinate file (e.g., PDB code 4LGZ, deposited June 30, 2013 ). More recent depositions list EC 1.2.1.88. In summary, the second enzyme of proline catabolism has three names: GSALDH, P5CDH, and ALDH4A1. Herein, the IUBMB-recommended GSALDH will be used.
Proline biosynthesis
The main proline biosynthetic pathway starts with glutamate (Fig. 1B) . Although P5C and GSAL are intermediates in both proline biosynthesis and catabolism, biosynthesis is not the reverse of catabolism. Rather, three different enzymes catalyze the transformation of glutamate to proline. Glutamate 5-kinase (G5K, EC 2.7.2.11) catalyzes the transfer of a phosphoryl group from ATP to the c-carboxylate of lglutamate, generating l-glutamate 5-phosphate (aka cglutamate phosphate). The enzyme c-glutamate phosphate reductase (c-GPR, EC 1.2.1.41) catalyzes the reversible NADPH-dependent reduction of l-glutamate-5-phosphate to GSAL and inorganic phosphate. The IUBMB-accepted name for this enzyme is glutamate-5-semialdehyde dehydrogenase, which refers to the reverse reaction. This name reminds us that the enzyme is member of the ALDHSF (ALDH18A1 in humans, ALDH19 in bacteria and plants). Cyclization of GSAL with loss of water generates P5C, which is the substrate for P5C reductase (EC 1.5.1.2, P5CR, PYCR in humans). P5CR catalyzes the NADPH-dependent reduction of P5C to l-proline.
Bifunctional proline metabolic enzymes
In certain organisms, two proline metabolic enzyme activities are combined into a bifunctional enzyme, allowing coordination of sequential metabolic reactions. In some bacteria, the catabolic enzymes PRODH and GSALDH are combined into a single polypeptide chain known as proline utilization A (PutA) (64, 129) . In plants and animals, the biosynthetic enzymes G5K and c-GPR are combined into the bifunctional enzyme P5C synthase (P5CS) (32, 93, 108) . Bifunctional enzymes often exhibit substrate channeling, which can improve kinetic efficiency, protect reactive intermediates, and prevent cross talk between competing pathways, such as proline catabolism and biosynthesis. See a recent review from Becker's group on substrate channeling in proline metabolism (5) .
Subcellular localization and larger metabolic context
The enzymes described above belong to a larger picture of metabolism (Fig. 1C) . Subcellular localization of proline metabolic enzymes is an important aspect of this larger context. These concepts are summarized for the human enzymes here. Good reviews addressing this topic more thoroughly are available (103) . The additional isoforms found in plants and their unique localization have been reviewed recently (32, 148) . Also, the roles of proline in the energy metabolism of trypanosomatids have been reviewed (19, 20) .
Proline catabolism occurs in mitochondria (Fig. 1C) . PRODH is an inner mitochondrial membrane enzyme. This location facilitates the transfer of electrons from the reduced FAD in PRODH to the mitochondrial electron transport chain for ATP production. The mitochondrial localization of PRODH is also essential for its role as an ROS generator that activates apoptosis (28, 68) . GSALDH is located in the mitochondrial matrix. The end product of proline catabolism, glutamate, can be converted to the citric acid cycle intermediate a-ketoglutarate (aKG) by the mitochondrial enzyme glutamate dehydrogenase. Thus, proline catabolism is linked to one of the major hubs of metabolism.
Proline biosynthesis is split between the mitochondrion and the cytosol (Fig. 1C) . The two-step conversion of Glu to GSAL by the bifunctional enzyme P5CS occurs inside mitochondria. Proline can also be synthesized from ornithine (ORN). In this route, ornithine d-aminotransferase (OAT) catalyzes the interconversion of ORN and GSAL. This reaction connects proline metabolism with arginine metabolism and the urea cycle (82) . Although P5CR is considered to be cytosolic, at least one isoform (PYCR1) colocalizes with mitochondrial markers (109). Phang et al. have suggested the possibility that P5CR associates with mitochondrial outer membranes or the cytosolic surface of plasma membranes (103) .
The segregation of PRODH from P5CR is an important element of the ''proline cycle'' paradigm proposed by Phang's group in the 1980s (38, 39, 95) . P5C is the central metabolite of the cycle, so Phang has advocated classifying proline metabolic enzymes as either P5C producing (PRODH, P5CS, OAT) or proline utilizing (P5CR, GSALDH) (103) . The basic idea is that these enzymes form a metabolic shuttle that transfers reducing equivalents between mitochondria and the cytosol (Fig. 1C) . Inside mitochondria, PRODH extracts electrons from proline for the electron transport chain or to produce ROS. The P5C generated by PRODH can be transported outside the mitochondria, where it is reduced back to proline by P5CR. Proline then enters the mitochondria to complete the cycle. In addition, Phang's group has shown that P5C in the cytosol stimulates the pentose phosphate pathway (PPP) to produce NADPH in response to consumption by P5CR (97, 98) . Thus, a major redox function of proline metabolism is to transfer reducing potential into mitochondria and oxidizing potential out of mitochondria. This function underlies the multifaceted roles of proline metabolism in cancer and other diseases (66, 90, 96, (100) (101) (102) (103) (104) (105) . In particular, the proline cycle has recently been shown to play a key role in tumor cell growth (65) and metastasis (31) .
Proline Dehydrogenase
The PRODH fold
The fold of PRODH has been determined from crystal structures of monofunctional PRODHs (69, 138) from Thermus thermophilus and Deinococcus radiodurans (DrPRODH), as well as structures of the Escherichia coli PutA (EcPutA) PRODH domain (59) and full-length PutAs (50, 51, 71, 117, 121) . PRODH adopts a variant of the (ba) 8 barrel fold (Fig. 2) . This basic fold was first discovered in a crystal structure of triosephosphate isomerase (TIM), so it is often referred to as the TIM barrel (7) . The TIM barrel is ubiquitous in nature and supports many diverse enzymatic functions and cofactors. Wierenga provides an introduction to TIM barrels (139) , and Nagano et al. have reviewed the functional diversity of TIM barrels (86) .
PRODH exhibits a notable deviation from the classic TIM barrel fold. In the classic TIM barrel, a8 sits alongside b8 and packs between helices 1 and 7. In contrast, a8 in PRODH lies above the carboxyl end of the barrel with its long axis perpendicular to b-strands (Fig. 2 ). This deviation is significant because a8 contains universally conserved residues that bind the substrate proline (Fig. 2, lower inset) .
The active site in TIM barrels is usually located at the carboxyl termini of the strands of the barrel; PRODH adheres to this paradigm (Fig. 2) . The isoalloxazine of the FAD consists of three fused six-membered rings and is the redox center of the cofactor. The re face of the isoalloxazine packs tightly against strands 4-6 (Fig. 2, upper inset) Upper inset: Close-up view of the FAD isoalloxazine and THFA. The N5 atom of the FAD is the hydride acceptor. The C5 atom of THFA represents the hydride donor of proline. The distance between these two atoms in the structure is 3.2 Å . Lower inset: Sequence alignment of a8 residues from diverse PRODHs. At, Arabidopsis thaliana; Dr, Deinococcus radiodurans; Ec, Escherichia coli; FAD, flavin adenine dinucleotide; Gs, Geobacter sulfurreducens; Hs, Homo sapiens; PDB, Protein Data Bank; PRODH, proline dehydrogenase; Sc, Saccharomyces cerevisiae; Tc, Trypanosoma cruzi; THFA, l-tetrahydrofuroic acid. This figure and others were created with PyMOL (26) . To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars dimethylbenzene edge of the isoalloxazine contacts the b7-a7 loop. The pyrimidine edge forms hydrogen bonds with the b3-a3, b4-a4, and b5-a5 loops. The si face of the isoalloxazine forms one wall of the proline-binding site.
The proline site of PRODH
The proline-binding site of PRODH has been characterized by high-resolution X-ray crystallography of PRODH and PutAs complexed with the proline analog l-tetrahydrofuroic acid (THFA) (69, 71, 89, 117, 149) . The binding pose is identical in all the structures. THFA binds between the si face of the isoalloxazine and a8 (Fig. 2) . The five-membered ring of THFA is approximately parallel to the isoalloxazine and centered over the middle ring of the cofactor. In this position, the C5 atom of THFA is close to the N5 of the flavin. The C5-N5 distance in the three structures ranges from 3.2 to 3.6 Å (Fig. 2, upper inset) . This geometry is consistent with a hydride transfer mechanism, since C5 of THFA represents the C atom of proline that is oxidized, and N5 is the electron acceptor of the FAD. Biochemical studies have shown that PRODH uses hydride transfer rather than a radical mechanism (83) .
The PRODH/PutA-THFA structures imply a conserved set of interactions that maintain proline in the optimal pose for hydride transfer. Eleven highly conserved residues contact the inhibitor (and presumably proline), as shown for Geobacter sulfurreducens PutA (GsPutA) (Fig. 3A, B) . Helix a8 plays an important role in substrate recognition by providing four of these residues: two Arg residues that bind the inhibitor carboxylate, a Tyr residue that packs against the THFA ring, and a Glu that ion pairs to the second Arg. This quartet is part of a conserved sequence motif (Fig. 2, lower inset) . The other interacting residues belong to either the strands of the barrel or to b-a loops of the barrel. Most of the residues are identically conserved in PutAs and PRODH. One exception is the Tyr that forms a water-mediated hydrogen bond to the heteroatom of THFA (represents the amino group of Pro); some PutAs have an Asn at this position.
Two ion pairs are notable in the THFA complex (Fig. 3A,  B) . The two Arg residues that bind the inhibitor carboxylate each ion pair to conserved Glu residues. The first Arg in the sequence ion pairs with a Glu residue in the b1-a1 loop of the PRODH barrel (Arg421-Glu149 in GsPutA). The second Arg ion pairs with the Glu of the a8 sequence motif (Arg422-Glu425 in GsPutA). These ion pairs facilitate substrate binding by stabilizing the Arg residues for interaction with the substrate carboxylate group. It may be that these ion pairs help ameliorate the electrostatic repulsion that results from bringing the two Arg guanidinium groups close together (4.7 Å ).
Molecular motions that accompany proline binding and P5C release
It is notable that so many residues cluster around such a small substrate in PRODH (Fig. 3A, B) . Thus, the active site of the Michaelis complex is very crowded. Furthermore, the structures show that the inhibitor, and presumably proline, is completely buried, which implies that protein motion is required for substrate binding and product release. (128) . To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
The nature of the molecular motions involved in substrate binding and product release has been deduced from crystal structures. Conformational changes are inferred by comparing crystal structures determined in the presence and absence of THFA. This comparison has been made for GsPutA and DrPRODH. The two systems reveal a common theme of active site dynamics.
The THFA-free structures are profoundly different from the THFA complexes. In the absence of THFA, the active site adopts an open state in which a8 is shifted away from the isoalloxazine and the ion pair between the first Arg of the a8 motif and Glu of the b1-a1 loop is broken (Fig. 3C) . The shift of a8 is 3.5 Å in GsPutA and 1.7 Å in DrPRODH. Rupture of the ion pair is associated with a remodeling of the b1-a1 loop. The structures imply a movement of the b1-a1 Glu residue by more than 5 Å between the two states (Fig. 3C) .
The structures imply the following scenario for substrate binding and product release. In the resting oxidized enzyme, the active site adopts an open conformation in which a8 and the b1-a1 loop are retracted, which leaves the si face of the isoalloxazine exposed. On proline binding, a8 and the b1-a1 loop converge on the proline-binding site resulting in ion pair formation between the b1-a1 Glu and the first Arg of the a8 motif.
Why does the active site open to release P5C? Here one needs to consider the conformation of the reduced flavin. Reduction induces a severe butterfly bending of the isoalloxazine, which appears to initiate a cascade of events that leads to product release (69) . Bending of the ring system pushes the N5-N10 axis of the flavin toward the newly formed P5C, creating steric clash in the highly crowded active site. Retraction of a8 and rupture of the Arg-Glu ion pair alleviate this clash, creating an opening that allows product dissociation.
The Arg-Glu ion pair that links a8 to the b1-a1 loop is a central player in the conformational changes associated with proline binding and P5C release. Because it is formed in the closed E-S complex and broken in the ligand-free, open state, the ion pair appears to function as the active site gate. Furthermore, because the ion pairing residues are identically conserved in monofunctional PRODHs and PutAs, the gate is probably a universal aspect of PRODH catalysis.
Recognition of the quinone electron acceptor by PRODH
Whereas substrate recognition of proline has been studied extensively, the structural basis for recognition of electron acceptors is not as well understood. The only evidence for how quinones bind to PRODH comes from a structure of covalently inactivated GsPutA complexed with menadione bisulfite (MB) (117) . Inactivation by the mechanism-based inactivator N-propargylglycine ( Fig. 4A ) locks PutA into a conformation that resembles the proline-reduced state (124, 137) . The inactivation results in a 3-carbon covalent link between an active site Lys and the FAD N5 (Fig. 4A ). Since this conformation is stable under laboratory (oxidizing) conditions, it was used to grow crystals of the PutA-quinone complex. MB is a small quinone that has high solubility because of the -SO 3 -functional group. The combination of using the covalently inactivated enzyme and MB facilitated the first structure determination of a PRODH-quinone complex (117) . (117) . To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars MB binds next to the middle ring of the isoalloxazine si face, with the benzoquinone and isoalloxazine forming a *40°angle (Fig. 4B) . A carbonyl O atom of MB is 3.2 and 4.0 Å from the flavin N10 and N5 atoms, respectively (Fig. 4B ). The close approach between MB and the isoalloxazine is consistent with direct electron transfer from the flavin to the quinone without an intermediary electron carrier (83) . The 1,4-naphthoquinone is surrounded by several aromatic and nonpolar residues, which is expected for a nonpolar ligand.
Although the proline and quinone sites overlap, the protein conformations of the two complexes are rather different (Fig. 4C) . THFA (i.e., proline) binds in the closed state, whereas MB binds to an open state. In the MB complex, helix a8 is shifted to the open position and the ion pair gate is broken. The open state is required to accommodate the large ring system of MB.
Kinetic studies of PRODHs
Three assays are used to measure the catalytic activity of PRODH. The proline:2,6-dichlorophenolindophenol (DCPIP) oxidoreductase assay leverages a dye-coupled reaction that measures the reduction of DCPIP. Phenazine methosulfate is used as a secondary electron acceptor that mediates electron transfer from the flavoenzyme to the terminal electron acceptor DCPIP. DCPIP is a general-purpose dye used in many biochemical assays. It is blue in the oxidized form and colorless in the reduced form. Reduction of DCPIP is monitored by a decrease in absorbance near 600 nm. The extinction coefficient used varies from laboratory to laboratory, but is typically in the range of e 600 = 16,100-19,100 M -1 cm -1 (14, 115, 136) . A more direct assay is to measure the reduction of the terminal electron acceptor without a mediator. Quinones such as coenzyme Q 1 (CoQ 1 ) (e 278 = 14,500 M -1 cm -1 ) (4, 85, 121) and menadione (e 262 = 14,000 M -1 cm -1 ) (85, 117) are convenient. This assay is perhaps more relevant than the DCPIP assay because the electron acceptor better resembles a biological quinone. Note that the kinetic parameters for proline depend on the quinone used (85) . The third assay follows the reaction of P5C/GSAL with o-aminobenzaldehyde (oAB) (80, 85, 121, 155) . The oAB assay monitors the increase in absorbance at 443 nm (e 443 = 2590
). This assay is useful for studying substrate channeling, since it allows one to monitor the release of the intermediate of proline catabolism.
These methods have been used to determine the kinetic parameters of a few monofunctional PRODHs ( Table 1 ). The parameters depend on the type of assay used, so caution is advised when comparing results for different enzymes. Nevertheless, the K m for proline tends to be in the millimolar range, while that of the quinone is usually lower, in the micromolar range. The competitive inhibition constant of THFA (K i ) tends to be in the low millimolar range for monofunctional PRODHs and PutAs (85, 138) . DrPRODH has atypically high K m and K i (69) .
L-Glutamate c-Semialdehyde Dehydrogenase
Catalytic mechanism and fold GSDAH (aka P5CDH) belongs to the ALDHSF. ALDHs catalyze the NAD(P)
+ -dependent oxidation of aldehydes to carboxylic acids. The classification of ALDHs into families and subfamilies based on amino acid and gene sequences has been described (120, 131, 146) . The current analysis reveals 24 ALDH gene families in eukaryotes (132) . Humans have 19 functional genes and 3 pseudo genes. ALDH families 1-9, 16, and 18 are found in humans. GSALDH is known as ALDH4A1.
ALDHs have a conserved catalytic mechanism (49) . The mechanism begins with nucleophilic attack by the catalytic cysteine on the aldehyde (Fig. 5A ) producing a hemithioacetal intermediate (Fig. 5B) . Hydride transfer to NAD + generates NADH and the acyl-enzyme intermediate (Fig. 5C) . Hydrolysis of the acyl-enzyme intermediate yields the carboxylic acid product (Fig. 5D ) and regenerates the resting enzyme.
Enzymes in a superfamily share a common threedimensional fold. The ALDH fold consists of three domains: NAD + binding, catalytic, and oligomerization, as shown for human GSALDH in Figure 6A . The NAD + -binding domain adopts the Rossmann fold. The core of this domain is a parallel five-stranded b-sheet having strand order 32145. This topology differs slightly from the classic Rossmann fold sheet, which has six strands arranged as 321456. The catalytic domain is an a/b structure and derives its name from the fact that it provides the essential Cys residue. The oligomerization domain is a b-substructure that mediates domain-swapped dimerization as well as higher order assembly into hexamers for some GSALDHs. It is a bipartite structure that consists of a b hairpin that protrudes from the Rossmann domain and a bstrand that is part of the C-terminus of the polypeptide chain. The two elements of the oligomerization domain are far apart in sequence. For example, in human GSALDH, the hairpin consists of residues 183-196, while the C-terminal b-strand consists of residues 545-550. The active site is located in the crevice between the NAD + -binding and catalytic domains. The ALDH topology is complicated by the fact that the catalytic domain is inserted between the last strand of the Fig. 6A ). Linker 1 consists of about five residues and connects strand 5 of the Rossmann sheet to the beginning of the catalytic domain. Linker 2 consists of *20 residues that connect the end of the catalytic domain to a short helix that precedes the b-strand of the oligomerization domain. The interdomain linkers participate in binding GSAL and NAD + .
Recognition of GSAL by GSALDH
The structural basis of aldehyde recognition has been determined from high-resolution crystal structures of monofunctional GSALDHs complexed with the product Glu (45, 122) and other carboxylic acids having various aliphatic chain lengths (92) . Glu binds in an extended conformation and forms several interactions with the enzyme (Fig. 6B, C) . The backbone of the product forms several hydrogen bonds with a Gly-Ser motif that is located at the N-terminal end of interdomain linker 2. This part of linker 2 is known as the aldehyde anchor loop because of its key role in stabilizing the base of the aldehyde substrate in the active site (92) . In addition, the a carboxylate of the product (or GSAL) forms a direct hydrogen bond with the Ser residue that is immediately C-terminal to the catalytic Cys and a water-mediated hydrogen bond with an Lys residue that is immediately Nterminal to the catalytic Cys. The aliphatic chain of Glu packs into an ''aromatic box'' consisting of two conserved Phe side chains, the second of which belongs to interdomain linker 2. The aromatic box is present in all ALDHs, however, the number and type of aromatic residues vary among ALDHs (110) . One of O atoms of the e-carboxylate of Glu occupies the oxyanion hole, another conserved structural element of ALDH substrate recognition. This atom represents the carbonyl O of GSAL and forms hydrogen bonds with a conserved Asn and the backbone N-H of the catalytic Cys. The hydrogen bond donors of the oxyanion hole stabilize the negative charge of the hemithioacetal intermediate.
Recognition of NAD
+ by GSALDH
Recognition of NAD(P)
+ has been studied with crystallography using monofunctional GSALDHs (44, 45, 55, 91, 122) and PutAs (50, 71, 121) . The entire cofactor has been resolved with strong electron density in M. tuberculosis GSALDH [PDB code 4IHI, (55)], T. thermophilus GSALDH (TtGSALDH, PDB code 2J5N), and one PutA [PDB codes 5KF6, 5KF7 (71)]. In the other structures, the electron density is weak for the nicotinamide half of the NAD + , implying conformational disorder. This is common for ALDHs (74, 94) . A structure of TtGSALDH complexed with NADP + was also determined as part of a study of cofactor specificity (PDB code 2EHQ) (44) . Density for NADP + is strong in that structure, including the density for the 2¢-phosphoryl group.
NAD(P) + bound to GSALDH exhibits the canonical pose expected for a Rossmann fold enzyme (16) (Fig. 6D) . The adenine ring packs between the a-helices that follow the third and fourth strands of the Rossmann fold. The hydroxyls of the adenosine ribose hydrogen bond with a conserved Lys from b2 of the Rossmann fold. The pyrophosphate hydrogen bonds to a conserved Ser residue located at the N-terminus of a4. This residue is part of a conserved sequence motif of FTGS. The nicotinamide ribose hydrogen bonds with a conserved Glu residue from the catalytic domain. The nicotinamide ring is wedged between the catalytic Cys and the methyl group of the Thr in the FTGS motif. The distance between the S atom of the catalytic Cys and the C4 of the nicotinamide is 2.8-3.2 Å , which is consistent with the accepted mechanism, in which a hydride ion transfers from the hemithioacetal intermediate to the C4 of NAD + . The nicotinamide is also close to interdomain linker 1. This linker contains the conserved sequence EXGG. The Glu of this motif is the catalytic residue that activates the water molecule for hydrolysis of the 
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acyl-enzyme, while the main-chain carbonyl of X is a hydrogen bond acceptor of the nicotinamide carboxamide. The latter interaction helps position the cofactor for stereospecific hydride transfer.
Oligomeric state and quaternary structure of GSALDH
The oligomeric states and quaternary structures of monofunctional GSALDHs have been extensively characterized using small-angle X-ray scattering (SAXS), analytical ultracentrifugation, and X-ray crystallography (73, 91, 127) . These studies have shown that GSALDHs form dimers or hexamers. Examples of dimeric GSALDHs include the enzymes from human, mouse, Bacillus halodurans, and Bacillus licheniformis (73) . Hexameric GSALDHs are from Saccharomyces cerevisiae (91), T. thermophilus (73), D. radiodurans (73) , and M. tuberculosis (55) . The hexamer appears to be unique to GSALDH, as it has not been seen in other ALDHs. Also, the dimer-of-dimers tetramer formed by some ALDHs (74, 127) has not been observed in GSALDHs. Like all other ALDHs, GSALDHs form a domain-swapped dimer in which the oligomerization domain of one protomer engages the other protomer (Fig. 7A) . The domain swapping results in the formation of an intermolecular b-sheet involving the C-terminal strand of the oligomerization domain of one protomer and the final strand of the catalytic domain of the other protomer (Fig. 7A, left) . Another major part of the dimer interface is located on the face opposite to that of the intermolecular b-sheet and consists of extensive nonpolar and electrostatic interactions involving side chains of two ahelices (Fig. 7A, right) .
In the hexameric GSALDHs, three of the domain-swapped dimers assemble into a trimer-of-dimers hexamer (Fig. 7B) . The major interface between dimers is formed by the oligomerization and NAD + -binding domains. Thus, the oligomerization domain stabilizes both the domain-swapped dimer and the hexamer. Three copies of this interface line the inside surface of the tunnel that surrounds the threefold axis of the hexamer (Fig. 8A) . For reference, this interface buries 1100 Å 2 of surface area in TtGSALDH, while the interfacial area of the domain-swapped dimer is 2900 Å 2 . SAXS and site-directed mutagenesis have been used to identify residues that are essential for hexamerization of GSALDH (73, 91) . These studies identified a microenvironment within the major dimer-dimer interface that harbors interactions needed for hexamerization, that is, a hexamerization hot spot (Fig. 8A) . Interestingly, the type of interactions within the hotspot is variable. In TtGSALDH and D. radiodurans GSALDH, the hot spot contains an Arg residue that forms electrostatic interactions with four residues from two other protomers (Fig. 8B) . In yeast GSALDH, the hotspot contains a Trp that packs into a nonpolar hole formed by residues from another dimer in the hexamer (Fig. 8C) . Mutation of either the Arg or Trp dramatically changes the oligomeric state from predominantly hexamer to predominantly dimer. Thus, although the hotspot occupies the same region of space in the two hexamers, the noncovalent interactions are fundamentally different.
The oligomerization of GSALDHs provides a counterexample to the sequence-structure paradigm of biochemistry. Simply stated, the idea is that sequence similarity implies structural similarity. The closer two proteins are in sequence, the more likely they will share a common three-dimensional structure. Paradoxically, global sequence identity and kingdom of life are poor predictors of the oligomeric state of GSALDH. For example, the Bacillus enzymes are 50% identical to TtGSALDH, and yet they form dimers in solution, whereas TtGSALDH is hexameric. The human and Bacillus enzymes are dimeric despite sharing only 30% identity. Furthermore, Put2p and human GSALDH are eukaryotic enzymes that have 42% identical amino acid sequences, yet Put2p is hexameric and human GSALDH is dimeric.
The failure of global sequence identity to predict the oligomeric state of GSALDH probably reflects the fact that the hexamer is stabilized by a hot spot, which by definition involves very few residues (15, 81) . Prediction of oligomeric state thus requires structure-based analysis of local regions of the sequence within the hot spot rather than global alignment identities. This analysis is complicated by the fact that the (127) . To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars chemical nature of the hot spot residue is variable, being Arg and Trp in the two cases that have been analyzed. More structures of GSALDHs will help to identify the full range of residues and interactions that stabilize the GSALDH hexamer, which will allow for better predictions of the oligomeric state and quaternary structure from sequence.
Kinetic studies of GSALDHs
The standard activity assay for ALDHs monitors the formation of NADH (e 340 = 6220 M -1 cm -1 ) (70, 84). The GSALDH kinetic parameters have been reported for two monofunctional GSALDHs (Table 2) . Furthermore, a comprehensive study of the kinetics of human GSALDH has been reported (122) . Some of the kinetic constants derived from global fitting of data to a Theorell-Chance mechanism are listed in Table 2 . In the assumed kinetic scheme, NAD + binds first, followed by GSAL, resulting in a ternary complex. Glu dissociates first, followed by NADH. Also, the enzyme is subject to substrate inhibition by P5C/GSAL (K i = 112 lM). Release of NADH likely is the rate-limiting step (33, 122) . The order of product dissociation means that NADH is bound to the enzyme during hydrolysis of the acyl-enzyme, which implies that the reduced nicotinamide recoils from the active site to allow the catalytic Glu and water of hydrolysis to gain access to the acyl-enzyme. The structural basis for this conformation change remains to be determined.
Proline Utilization A
Classification of PutAs
PutAs can be classified according to domain architecture (type A, B, or C) and phylogeny (branch 1, 2, or 3) (Fig. 9) . Type A PutAs have a minimal domain architecture consisting of N-terminal PRODH and C-terminal GSALDH modules (Fig. 9A) . Type B PutAs have an additional C-terminal domain, named for its resemblance to domains in ALDHSF enzymes. Type C PutAs contain both the C-terminal ALDHSF domain and an N-terminal ribbon-helix-helix (RHH) DNA-binding domain. All three architectures are represented in branch 1 of the PutA phylogenetic tree, while branch 2 contains only type A PutAs, and branch 3 contains only type B PutAs (Fig. 9B) . Organizing PutAs thus results in five classes, which are designated by a two-digit code consisting of the branch number and the domain architecture type: 1A, 1B, 1C, 2A, and 3B (Table 3) .
Major advances have been made in the structural biology of PutA since the author's 2008 review (128) . Most notably, crystal structures of full-length PutAs representing four of the five PutA classes have been determined (Table 3) . Only the structure of class 1C PutA remains unsolved, however; a highquality model of EcPutA has been built using SAXS (118) .
The PutA fold revealed from structures of type A PutAs
Crystal structures of three type A PutAs have been determined (Table 3) : Bradyrhizobium japonicum PutA (BjPutA), GsPutA, and Bdellovibrio bacteriovorus PutA (BbPutA). These structures revealed the conserved fold of the PutA catalytic core (Fig. 10A) . As expected, PutA contains (ba) 8 barrel and ALDH folds that resemble monofunctional PRODH and GSALDH, respectively. The two active sites are separated by a linear distance of 41-45 Å and connected by a tunnel, which is used for channeling the intermediate P5C/ GSAL. A unique feature of the PRODH barrel in PutA is an additional a-helix inserted between b5 and a5 of the barrel, which is not present in monofunctional PRODHs. Known as a5a, this helix contacts the FAD adenine and forms part of the substrate-channeling tunnel (Fig. 10B) .
The structures also reveal that PutA is not a simple fusion of a PRODH to a GSALDH. The PRODH barrel and ALDH fold account for only 80-85% of the PutA polypeptide chain, while three smaller domains account for the remaining 15-20% (arm, a-domain, and PRODH-GSALDH linker, Fig. 10A ). These ancillary domains help establish a precise spatial relationship between the two catalytic domains that is essential for substrate channeling.
The arm is located at the N-terminus of the polypeptide chain and consists of one to three a-helices that wrap around the PRODH barrel (Fig. 10A) . The arm appears to act as a support structure for the U-shaped helical part of the PRODH-GSALDH linker. Branches 2 and 3 PutAs have only one a-helix in the arm (Fig. 10A) . Branch 1 PutAs have longer arms: two a-helices in class 1A, and three a-helices in class 1B and 1C.
The a-domain connects the arm to the PRODH barrel (Fig. 10A) . Although the secondary structure of the a-domain is conserved, its tertiary structure is not; the number and arrangement of a-helices differ among PutAs. Also, all PutA structures show some disorder in the a-domain, implying flexibility. In fact, the a-domain is completely disordered in the class 3B PutA from Corynebacterium freiburgense (CfPutA). Since the a-domain contacts the PRODH barrel and the GSALDH catalytic domain, it may be important for establishing the correct spacing between the two active sites. There is also evidence that the a domain is involved in membrane association (154, 155) . The third ancillary domain is formed by the peptide connecting the PRODH barrel to the NAD + -binding domain (''linker'' in Fig. 10A ). The linker is not a flexible tether but rather has a well-defined, conserved conformation. It starts at the C-terminus of a8 of the PRODH barrel and forms three ahelices arranged in a U-shape, which redirects the polypeptide chain toward the GSALDH Rossmann domain (Fig. 10A) .
Oligomerization of type A PutAs: the core functional dimer All type A PutAs form the classic ALDH domain-swapped dimer, in which the oligomerization domain of one protomer contacts the GSALDH catalytic domain of the opposite protomer (Fig. 10B ). In addition, the oligomerization domain (117) . To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars in type A PutA contacts the PRODH barrel, the PRODH-GSALDH linker, and the a-domain of the opposite protomer of the dimer. Through these quaternary structural contacts, the oligomerization domain helps fill the open space between the PRODH and GSALDH active sites (Fig. 10B) . Importantly, a section of the substrate-channeling tunnel runs beneath the oligomerization domain (Fig. 10B) . Thus, the oligomerization domain functions as a lid that helps sequester the intermediate in the tunnel. This is an example of quaternary structure playing an important role in the catalytic mechanism of an enzyme.
BjPutA differs from other type A PutA in that two of the domain-swapped dimers assemble into a ring-shaped dimer-of-dimers tetramer (121) . The functional significance of this higher degree of oligomerization has been investigated using hot spot mutagenesis. Korasick et al. engineered a hot spot disruption mutant that cleanly produces dimeric BjPutA (51) . The dimeric variant exhibited kinetic parameters similar to the wild-type enzyme, implying that tetramerization is not necessary for catalytic function in vitro. Furthermore, they showed that three other type A PutAs are domain-swapped dimers in solution, with no evidence for tetramer formation [BbPutA, Desulfovibrio vulgaris PutA (DvPutA), Legionella pneumophila PutA (LpPutA)] ( Table 3 ). The conclusion of that study is that the domain-swapped dimer is the core structural and functional unit of type A PutAs.
The main substrate-channeling tunnel of PutA
The PutA structures reveal the structural basis of substrate channeling. The observation of a tunnel connecting the two active sites (Fig. 10A ) strongly implies a substrate channeling mechanism. Indeed, kinetic measurements, such as transient time analysis, are consistent with substrate channeling (117, 121) . Sophisticated approaches based on global fitting of steady-and transient-state kinetic measurements not only indicate a channeling mechanism but also show that the channeling step exhibits hysteresis (84) , which is a form of allosteric regulation.
The physical characteristics of the substrate-channeling tunnel systems can be determined using software that finds and analyzes voids in protein structures (18) . The substratechanneling tunnel of PutA follows a curved, 75 Å long path (Fig. 11A) . The central section of the tunnel has a length of *30 Å and a radius of 3.5-4.5 Å . The tunnel constricts near the two active sites. The central section runs parallel to two a-helices: a5a of the PRODH barrel and an a-helix of the GSALDH fold (770s helix in GsPutA and BjPutA, Fig. 10B  inset) . These helices help set the diameter and orientation of the central section. The tunnel is lined with charged and polar side chains, especially near the PRODH site and in the central section (Fig. S3 of (117) ). Thus, the tunnel interior is a highly hydrophilic, which is appropriate for a zwitterionic intermediate.
Tunnel blocking mutagenesis is an effective way to explore the functions of tunnels in proteins. In this method, one uses site-directed mutagenesis to increase the steric bulk of a side chain near the tunnel of interest. This method has been applied to the main tunnel of BjPutA. Arentson et al. targeted residues on the two helices that border the main tunnel in BjPutA (4) . Mutating Asp779 to Tyr or Trp significantly decreased the overall rate of the PRODH-GSALDH channeling reaction. The crystal structures of D779Y and D779W revealed that the large side chains constrict in the central section of the tunnel, which impedes the channeling path of P5C/GSAL. These results provided additional evidence that the tunnel observed in the crystal structure is used for substrate channeling.
Ancillary tunnels of PutA
PutA in the resting state with the oxidized FAD contains six smaller tunnels that connect the main one to the bulk medium (Fig. 11B) . The functions of these ancillary tunnels are unknown, but the GsPutA structures provide some hypotheses to test (117) . For example, tunnel 2a closes when the proline analog THFA binds. This tunnel becomes blocked as a consequence of the conformational changes that occur when the ion pair gate closes (Fig. 3C ). These observations suggest that tunnel 2a is the entryway for proline. Modeling studies suggest that tunnel 1, which flows along the FAD, may be used by quinones to access the reduced flavin. The proximity of tunnel 4 to the GSALDH site suggests the idea To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars 14 TANNER that it could be the escape route for the product Glu (Fig. 11B) . Finally, the two waters of hydrolysis required per round of catalysis could enter the main tunnel via the ancillary tunnels; tunnels 3a and 3b perhaps fulfill this function.
The structures of type B PutAs reveal the fold and functions of the C-terminal domain
Architecture types B and C PutAs contain a C-terminal domain not found in type A PutAs (Fig. 9A ). The function of this 100-200 residue domain has been an intriguing mystery of PutA biochemistry. Sequence analysis shows that all the residues needed for catalytic activity are present in the PRODH and GSALDH modules, which argues against the domain playing a direct role in catalysis. Homology modeling predicted that the C-terminal domain adopts a Rossmannlike fold similar to that found in ALDHs (70, 119) , which suggested a role in NAD + binding. However, this function was unlikely, since homology modeling and sequence alignments suggested that the Rossmann fold domain in the GSALDH module of type B and C PutAs is fully functional, and only one equivalent of NAD + is required for the PutA catalytic cycle. Thus, the function of the C-terminal domain remained enigmatic for many years, until crystal structures were determined for the class 1B PutA from Sinorhizobium meliloti [SmPutA (71) ] and the class 3B PutA, CfPutA (50) .
The structures of type B PutAs revealed the fold of the Cterminal domain. As shown for SmPutA, the C-terminal domain consists of an a/b domain with a protruding b-flap (Fig. 12A) . The a/b domain exhibits the Rossmann dinucleotide-binding fold and thus resembles the NAD + -binding domain of the GSALDH module. The b-flap resembles the oligomerization domain found in all other ALDHSF enzyme structures reported to date, including type A PutAs. Because of these structural similarities, the PutA C-terminal domain is known as the C-terminal ALDHSF domain. Paradoxically, the Rossmann fold of the C-terminal domain does not bind NAD + , nor does the b-flap of the C-terminal domain mediate oligomerization.
The SmPutA and CfPutA structures show the tertiary structural interactions formed by the C-terminal ALDHSF domain, which provides insight into function (Fig. 12B ). The catalytic core described above for type A PutA is conserved in type B PutA, as is the substrate-channeling tunnel. For ease of presentation, all the domains of the PRODH modulearm, a-domain, PRODH barrel, and linker-have the same color in Figure 12B . The Rossmann part of the C-terminal ALDHSF domain packs against the Rossmann NAD + -binding domain of the GSALDH module, while the b-flap of the Cterminal domain contacts the GSALDH catalytic domain (Fig. 12B) . These tertiary structural relationships mimic the quaternary structure of type A PutAs. The interaction of the bflap of the C-terminal domain with the GSALDH catalytic domain helps stabilize the aldehyde binding site. Thus, the Cterminal domain contributes indirectly to GSALDH activity, a conclusion that is supported by domain deletion analysis (50) . Also, the b-flap of the C-terminal ALDHSF domain covers the substrate-channeling tunnel, again mimicking the quaternary structural interactions of the oligomerization domain of type A PutAs. Thus, the C-terminal domain plays an important role in coupling the two catalytic activities by helping to sequester the intermediate in the tunnel. For example, SAXS shows that SmPutA is primarily monomeric at a concentration of *1 mg/ml (8 lM), but a substantial population of dimers is observed at a higher enzyme concentrations (71) . Dimerization of CfPutA was studied in more detail using analytical ultracentrifugation, revealing a more complex self-association behavior (50) . Dimeric CfPutA was observed only when the active site ligands THFA and NAD + were present, suggesting that ligand binding enhances self-association. This result is consistent with the morpheein model of enzyme hysteresis, in which substrate binding induces conformational changes that promote assembly of a high-activity oligomer (114) . Whether other PutAs exhibit ligand-induced self-association is unknown.
Although type B PutAs dimerize, they do not form the classic domain-swapped dimer described above for type A PutAs. Recall that dimerization of type A PutA is mediated by a b-flap that protrudes from the GSALDH module (Fig. 10B) . In type B PutA, this flap has been transplanted to the C-terminal ALDHSF domain, essentially converting quaternary structure into tertiary structure. Consequently, type B PutAs form a novel dimer, which has been characterized for SmPutA using a combination of SAXS and crystal structures (Fig. 12C) .
SmPutA forms a symmetric and roughly spherical dimer with a radius of gyration of 40 Å and maximum dimension of 120 Å (Fig. 12C) . The dimer interface buries 1800 Å 2 of surface area from each chain. The twofold axis of the dimer runs next to Leu1147 of the C-terminal ALDHSF domain. A major part of the interface is formed by the packing of the first two a-helices of the C-terminal ALDHSF domain against the a-and GSALDH catalytic domains (Fig. 12D) . The quaternary structure of the SmPutA dimer is different from all other ALDHSF members.
Class 1C (trifunctional) PutAs
Class 1C PutAs are unique in that they function as transcriptional repressors as well as bifunctional enzymes. Accordingly, the term ''trifunctional'' is sometimes used for 1C PutA. 1C PutAs are important in the history of PutA biochemistry. The 1C PutA from Salmonella typhimurium was the first PutA discovered (75, (77) (78) (79) . Shortly thereafter, Wood's group characterized the 1C PutA, EcPutA (21, 22, 63, 142) . Substrate channeling was first observed in trifunctional S. typhimurium PutA (125) . These pioneering studies established three key features of trifunctional PutA: (1) the PRODH and GSALDH catalytic activities are combined into a single polypeptide chain, (2) PutA is a membrane-associated enzyme, and (3) PutA represses transcription of the put operon, which contains the putA gene and the gene encoding the proline transporter PutP. Today, EcPutA remains the best characterized PutA, mainly as a result of research from Becker's group (6, 10, 37, 83-85, 118, 124, 134, 150, 151, 153-157) . Also, EcPutA and its domains have been used for structural studies, including the first structure of any PRODH (59, 124) and the first crystal structure of the PutA DNA-binding domain (57, 152) .
1C PutAs are transcriptional repressors and therefore have a DNA-binding domain. The crystal structure of an EcPutA construct containing residues 1-669 suggested that the DNA-binding domain is located in the a-domain (residues 140-260) (59) . Later studies disproved this hypothesis. In particular, sequence analysis predicted an RHH domain in EcPutA residues 1-50, and a domain construct consisting of EcPutA residues 1-47 was shown to bind the put intergenic DNA (37) . A conserved Lys residue near the N-terminus is a key diagnostic sequence feature of the RHH in PutA (Lys9 in EcPutA). The RHH fold was subsequently confirmed by crystallography (57) and NMR (40) of 1C PutA DNAbinding domain constructs. Finally, the structure of the EcPutA RHH domain complexed with operator DNA was determined (152) . These studies established that residues 1-50 of 1C PutAs contain an RHH DNA-binding domain.
Although a crystal structure of a full-length 1C PutA is not available, structural information has been obtained from SAXS, molecular dissection, and light scattering (118) . EcPutA is dimeric in solution with a radius of gyration (R g ) of 63 Å . For comparison, dimeric and tetrameric type A PutAs have R g values of 46 and 52 Å , respectively, and the SmPutA dimer has R g of 40 Å (Table 3) . SAXS shape reconstruction calculations reveal that EcPutA forms an elongated V-shaped particle having dimensions of 205 by 85 by 55 Å (Fig. 13) . The particle consists of two large lobes connected by a 30-Å diameter cylinder. The maximum dimension of EcPutA far exceeds those of type A (140-150 Å ) and type B (120 Å ) PutAs. Thus, trifunctional PutA is the largest protein in the PutA family.
SAXS rigid body modeling has been used to generate models of the EcPutA dimer (118) . The current working model shows the RHH domain mediating dimerization at the center of the particle, while the catalytic domains occupy the large outer lobes of the envelope (Fig. 13) . The tertiary Figure 12B : PRODH module, cyan; NAD + binding, red; GSALDH catalytic, blue; C-terminal ALDHSF, gold. RHH, ribbon-helix-helix; SAXS, small-angle X-ray scattering. Figure  adapted from (118) . To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars 16 TANNER structure within the outer lobe likely resembles an SmPutA monomer. DNA is predicted to bind in a groove lined by the adomains. Because there is evidence for the a-domain contacting the membrane (154, 155) , the model implies that the DNA-binding and membrane-association interfaces are located on the same face of PutA. This led to the idea of a cloaking mechanism of gene regulation through which interaction of PutA with the membrane hides the DNAbinding surface from the put regulon, thereby activating transcription (118) .
Kinetic studies of PutAs
The activity assays described above for PRODH and GSALDH can be used to measure the individual catalytic activities of PutA. Steady-state kinetic parameters for several PutAs have been determined (Table 4 and references therein).
Moxley and Becker used stopped-flow methods to study the proline:ubiquinone oxidoreductase reaction of EcPutA (83) . The microscopic rates obtained with CoQ 1 as the electron acceptor are consistent with a two-site ping-pong mechanism for the overall reaction. The spectroscopic signature of the FAD semiquinone was not observed, which is consistent with a hydride transfer mechanism in the oxidation of proline. The oxidative half-reaction is the rate-limiting step for k cat during catalytic turnover with CoQ 1 .
Kinetic measurements are also used to study substrate channeling in PutAs. Becker's group has reviewed this topic (5) . The review by Anderson also has a section on the methods used to study substrate channeling (2) . Here the approaches that have been used for PutAs are described.
Transient time analysis often is the first assay used to assess substrate channeling in PutAs. The time dependence of NADH production is monitored in an assay containing proline, an electron acceptor for the FAD, and NAD + . The experimental progress curve is compared to a theoretical one calculated from a free-diffusion (nonchanneling) model. This model assumes that P5C/GSAL is released to the bulk medium before binding to the GSALDH site. The transient time (s) is defined as the lag time that precedes the attainment of a steady-state concentration of the intermediate (2) . For the free-diffusion model, s equals K m /V max of the second enzyme, that is, K m /V max of the GSALDH domain for P5C. Substrate channeling is indicated when the observed transient time is shorter than the one predicted from the model. This test has been used to obtain evidence for substrate channeling in BjPutA (121), GsPutA (117), Rhodobacter capsulatus proline utilization A (RcPutA) (70), SmPutA (71) , and EcPutA (84) .
It is also useful to perform transient time analysis on a nonchanneling control. Becker's group devised a clever control system for PutAs, known as the ''mixed variants'' (5). Two site-directed mutant PutAs are generated, one lacking PRODH activity and another lacking GSALDH activity. 
Mutating a conserved Arg residue of a8 eliminates PRODH activity (Fig. 2, lower inset) . The GSALDH-deficient mutant has the catalytic Cys mutated to Ala. The transient time assay is then performed using an equimolar mixture of the two variants. Note that the mixed variants exhibit wild-type PRODH and GSALDH activities, however, functional PRODH and GSALDH active sites are not connected by a tunnel. Thus, P5C/GSAL generated in a PRODH active site must be released into the bulk medium before binding to a functional GSALDH site. Substrate channeling is indicated when the transient time for the wild-type PutA is shorter than that of the mixed variants.
Trapping of the intermediate is also used to assess substrate channeling. oAB is used to trap P5C/GSAL as described in the section on PRODH assays. Typically, the time dependence of P5C/GSAL generation is measured in the absence and presence of NAD + . Channeling is suggested when the amount of the intermediate detected decreases when NAD + is included. This assay has been used to study BjPutA (121) and CfPutA (50) .
The steady-state kinetic parameters for the coupled PRODH-GSALDH reaction are obtained by monitoring NADH using an assay containing proline, an electron acceptor for the FAD, and NAD + . The initial rates are recorded as a function of varying the concentration of proline or NAD + . The kinetic parameters for the coupled reaction have been measured for a few PutAs (Table 5) .
Finally, Becker's group has developed a sophisticated approach to determine how substrate channeling fits into the entire kinetic mechanism of PutA (84) . This approach involves global analysis of steady-and transient-state kinetic data for the PRODH, GSALDH, and coupled PRODH-GSALDH reactions. The mechanism is quite complicated because each individual activity has two substrates, and proline is an inhibitor of GSALDH. A major result of this work is that the substrate-channeling step is rate limiting in the overall PRODH-GSALDH reaction. Furthermore, this step is slowest during the first turnover and speeds up 40-fold with subsequent turnovers. These results imply that substrate channeling in PutA is an activated process.
Future Challenges
Unsolved structural targets
Much progress has been made in the structural biology of proline catabolism, yet many challenges remain. The unsolved crystallography targets present opportunities for future research (Table 6 ). Among the monofunctional enzymes, there are no structures of eukaryotic PRODHs. Although the structures of bacterial PRODHs provide a good template for modeling the (ba) 8 barrel, eukaryotic PRODHs have an Nterminal domain of unknown function. This domain has low sequence conservation among eukaryotic PRODHs and is without a homologue in the PDB. Furthermore, PRODH has emerged as a cancer drug target, and the structure of human PRODH would aid inhibitor discovery (31, 65) .
The structure of a PRODH complexed with a bona fide quinone (e.g., ubiquinone) would be useful. Although the GsPutA-MB structure was a landmark result in that it provided the first evidence that the electron acceptor interacts directly with the FAD isoalloxazine, it is suboptimal because MB is a small water-soluble quinone that lacks an isoprenoid chain. A structure of PRODH or PutA complexed with ubiquinone would provide insight into how the enzyme interacts with the membrane.
Crystal structures have been determined for four of the five PutA classes (Table 3) . Only trifunctional (class 1C) remains unsolved in its full-length form. The structure of trifunctional PutA complexed with DNA is needed to understand the structural basis of functional switching, that is, the mechanism by which 1C PutA switches between repressor and enzymatic functions (153) .
Oligomeric states and quaternary structures of PutAs
PutAs exhibit an unexpectedly rich diversity of oligomeric state and quaternary structure. Three different dimers and a tetramer have been observed so far (Table 3 ). These oligomers Proline is the variable substrate. a Data were fit to a substrate inhibition model. Table 6 . Outstanding Proline Catabolism Structural Biology Targets
Target Significance
Eukaryotic PRODH Cancer drug design target PRODH complexed with ubiquinone No structure of any PRODH or PutA complexed with a bona fide biological quinone; provides information about membrane association. GSALDH complexed with P5C/GSAL Addresses the question of whether GSALDH directly binds GSAL or converts P5C to GSAL in the active site 1C PutA
The most complex of all PutAs; provides insight into the structural basis of transcriptional regulation and functional switching 3B PutA dimer Potentially unique dimer induced by ligand binding PutA with P5C/GSAL in the tunnel Determine the identity of the channeled species; reveal the roles of tunnel residues in facilitating channeling PRODH-GSALDH protein-protein complex Structural basis of PRODH-GSALDH intermolecular substrate channeling represent different structural solutions to the problem of protecting the intermediates of proline catabolism. An outstanding question in this area concerns the quaternary structure of class 3B PutA. One class 3B PutA-CfPutA-exhibits ligandinduced dimerization, however, whether this dimer is the same one formed by the class 1B SmPutA is unknown. Also, it remains to be determined whether other PutAs also exhibit ligand-induced self-association and if this phenomenon regulates catalytic activity.
Substrate channeling
Substrate channeling is another area that is ripe for structural biology research. The functions of the ancillary tunnels of PutA are unknown. Tunnel blocking mutagenesis could be used to address this question.
The spatiotemporal details of P5C hydrolysis in PutA are unknown. Three limiting possibilities can be imagined: early, late, and middle. The ''early'' hypothesis refers to hydrolysis occurring in the PRODH site, which implies that GSAL is the channeled species. This hypothesis is supported by the observation of a conserved water molecule in the PRODH active site that appears to be poised to attack the newly formed P5C (Fig. 3A, B) . ''Late'' hydrolysis means that P5C is the channeled intermediate and hydrolysis occurs in the GSALDH site. This hypothesis is consistent with the fact that the P5C/GSAL equilibrium favors P5C at physiological pH (9) . The third option is that P5C is hydrolyzed in transit, possibly in the middle section of the main tunnel. Creative ways to trap intermediate states of PutA in crystallo are needed.
A related goal is to determine a structure of monofunctional GSALDH complexed with P5C/GSAL. This structure addresses the question of whether GSALDH directly binds GSAL or converts P5C to GSAL in the active site.
A novel aspect of PutA is that substrate channeling is an activated process (84) . The substrate-channeling step of EcPutA is slowest during the first turnover and speeds up 40-fold with subsequent turnovers. This result implies that channeling is activated and implicates PutA as a new example of a hysteretic enzyme (34, 35) . The structural basis for activation is unknown. Frieden proposed several causes of enzyme hysteresis, including isomerization, inhibitory ligand displacement, and oligomerization (35) . The prevailing hypothesis for PutA is that isomerization associated with ligand binding (most likely proline) provokes conformational changes that assemble the PRODH active site and the tunnel system (84) . Such isomerization may seal leaky parts of the tunnel system. This idea is based on structures of GsPutA showing that the binding of a proline analog is accompanied by remodeling of the tunnel system near the PRODH active site, and reduction of the FAD appears to close tunnel 4 near the GSALDH site (117) . Capturing the activated enzyme in crystallo is a major goal. This could be achieved with kinetic crystallography approaches, in which combinations of substrates are diffused into the crystal followed by flash-cooling to trap intermediate states (17) .
Finally, a recent study demonstrated for the first time that monofunctional PRODH and GSALDH physically interact and engage in substrate channeling (111) . The structural basis of this interaction is a new challenge for structural biologists. While a crystal structure of the complex is the ultimate goal, lower resolution structural information may be within grasp. A model of the complex has been generated based on analogy to PutA (111) . In this model, six copies of PRODH interact with a hexamer of GSALDH. Confirming the mass and stoichiometry of the complex would be useful. The interfaces in the model could be tested with site-directed mutagenesis. Finally, a low-resolution model of the complex may be achievable with SAXS.
